The ref(2)P locus (2-54.2) is polymorphic for two allelic forms in natural populations of Drosophila melanogaster, ref(2)P" and ref(2)Pp. The latter allele confers resistance to the rhabdovirus sigma infecting wild populations.
Introduction
The molecular evolution of the ref(2)P locus is of interest for three reasons: wild populations of Drosophila melanogaster are polymorphic for two functional forms of the gene (Fleuriet 1976) , molecular data suggest that selection is acting on this polymorphism , and the locus is located in a region of relatively low recombination (2-54.1) near the base of chromosome 2L. Two classes of alleles are present in natural populations, one of which confers resistance to the endemic rhabdovirus sigma. The resistant phenotype is referred to as "restrictive" and the susceptible phenotype as "permissive".
Both the virus and the restrictive allele are present in all D. melunogaster populations surveyed (reviewed in Fleuriet 1988) . Restrictive allele frequencies vary in populations from 0.03 in Central Africa to 0.31 in France (Fleuriet 1988) . The best estimates of viral infection are from France and range from lo%-20% (Fleuriet 1990; Fleuriet, Periquet, and Anxolabehere 1990) ; outside of France estimates are less reliable, but infected flies are always the minority (Fleuriet 1988) . Transmission of the virus is vertical-primarily through infected females-although infected males may also infect some of their offspring. For a thorough review of the natural history of the virus, see Brun and Plus (1980) and Fleuriet (1988) .
The presence of restrictive alleles in many geographically distinct populations suggests that natural selection is a driving force in the population genetics of ref(2)P. The laboratory assay for infection by the virus is death upon exposure to concentrated carbon dioxide; that such exposure occurs in nature is questionable.
A statistically significant cost of infection has been demonstrated for simulated overwintering populations (Fleuriet 1981b) . In addition, significant effects of infection were found for certain fitness traits: reduced egg viability of infected females and, conversely, increased viability of eggs sired by infected males; female longevity was unaffected (Fleuriet 1981~) . There is also evidence from cage studies of frequency-dependent selection on the restrictive class of alleles in the absence of the virus (Fleuriet 1977, 198 lc; see Fleuriet 1988 for a complete review).
The ref(2)P gene was cloned by P-element tagging (Contamine, Petitjean, and Ashburner 1989) and a permissive allele PO1 sequenced (Deztlee et al. 1989) . Subsequent sequencing of an allele cloned from D. erecta confirmed the conservation of translational start and stop, splice sites, and polyadenylation signals . The gene has multiple conserved motifs, including one amphiphilic helix (Dezelee et al. 1989) , which is essential for male fertility (Contamine, Petitjean, and Ashburner 1989) . Genetic analysis of a null allele indicates that a functional ref(2)P allele is not necessary for viral replication. Restrictivity is codominant and antimorphic (Nakamura 1978) , suggesting a model of resistance wherein the restrictive allele serendipitously interferes with the virus (that is, the restrictive phenotype is a genetic neomorph). One model of resistance is the formation of heterodimers; in vivo protein-protein interaction of the ref(2)P protein with the viral P protein has been demonstrated (Wyers et al. 1993 ). Dru et al. (1993) cloned and sequenced two restrictive alleles, Pp and P", and one additional permissive allele, p2. The two restrictive alleles have six differences from the permissive alleles. The first is a complex event in exon 1 replacing two codons, CAG-AAT (glutamine-asparagine), with one, GGA (glycine). There are two amino acid replacement changes in each of exons 1 and 2 and a 24-bp deletion in exon 2.
In total, the four alleles have seven amino acid replacement changes and three in-frame deletions, but only a single synonymous variant. A high ratio of replacement to synonymous polymorphism suggests the action of natural selection favoring changes in the protein (McDonald  and Kreitman 1991) , possibly in response to the virus. However, three of the seven replacement changes are shared between the two permissive alleles, suggesting that the replacement polymorphism is not simply a response to the current virus. Dru et al. (1993) reported a significantly higher ratio of replacement to synonymous changes within species compared to the ratio between melanogaster and erectu, interpreting this to mean that selection is acting to preserve protein polymorphism in melanogaster.
Although the statistical test is appropriate, their sample was biased as it contained alleles known to differ at the molecular and phenotypic levels; this might have inflated the withinspecies values. A random sample is necessary to test the selection hypothesis.
In this study, we report the sequences of a sample of 10 new ref(2)P alleles of D. melanogaster, chosen without prior knowledge of their functional phenotype, and one D. simuluns allele. The additional sequences permit a more detailed analysis of the site change(s) necessary for viral restrictivity and more refined tests of selection. D. simuluns does not have the virus and the sequence may therefore be used to test hypotheses of evolution driven by the viral restrictivity phenotype. We compare the polymorphism level at this locus with that of a more proximal locus at the base of 2L, concertina (eta) , which is depauperate of polymorphism in D. melanogaster and D. simulans (Wayne 1994) , and discuss the molecular population genetics of ref (2)P and the base of 2L in terms of adaptive protein evolution, relaxed selection, and theories of linkage and selection.
Materials and Methods

Fly Lines
Ten isogenic lines for the second chromosome are described in Kreitman (1983) ).
Viral Restrictivity Phenotype of Lines
Permissiveness
or restrictivity of fly lines to the sigma virus was determined by a CO2 sensitivity assay after inoculating each stock with the sigma virus (described in Dru et al. 1993) . Lines were also genetically characterized for the presence of unlinked suppressors of restrictivity by complementation with known suppressors in a Pp (restrictive) background.
Sequence Determination
The numbering of the nucleotides in this paper is identical to that given in figure 3 of Dru et al. (1993) , unless otherwise noted. Genomic DNA was prepared using Chelex resin from single flies (Walsh, Metzger, and Higuchi 1991) . Polymerase chain reaction (PCR) amplifications were carried out for 30 rounds in 50-pl volumes using Taq polymerase (Boehringer Mannheim) and 1.5 mM [Mg++] . Reaction conditions were 25 seconds denaturation at 95"C, 1.5 minute annealing at 51"C, and 2 minute extension at 72°C. All primers were designed from the ref(2)P" sequence of Dru et al. (1993) . The 5' region of the gene was amplified as a 1.3-kb fragment using positions -38 to 1309 with "plus" primer (5' AAG TGG TGA GTT CGA TAG A 3') and "minus" primer (5' CCT CTT GCT TGG TGG CCT TT 3'). For the rest of the sequence, a 1.8-kb fragment was amplified from genomic DNA from base 1187 to base 3006 with the "plus" primer (5' ATG AAA TCG AAA TAG TCA ACC 3') and the "minus" primer (5' CAC ATT TAT TTT GGC TAC GAG 3'). The desired reaction products were gel purified on an agarose minigel (Weichenhan 1991) . One microliter of the purified DNA served as template for a 20-round reamplification with the same primers and/or various combinations of internal primers. The reaction products were purified using Qiagen "Qiaquick" spin columns. Sequencing reactions were prepared for analysis on an ABI 373A sequencer using a cycle sequencing procedure and fluorescent dideoxy terminators, as described in Ballard and Kreitman (1994) . Both strands were sequenced for all lines.
Analysis
Sequences within fly lines were aligned manually or with the assistance of the SeqEd program version 1.0 supplied by ABI. The D. melanogaster and D. simulans sequences were aligned using the Gap program of GCG and default parameter settings. The D. simulans and D. erecta sequences were aligned manually, guided by the Gap-generated alignment above and the published Gapgenerated alignment between D. melanogaster and D. erecta. Sequence alignments are available upon request. The effective number of silent sites was determined as described in Kreitman and Hudson (1991) using a computer program provided by H. Akashi. HKA tests, unless noted otherwise, were performed with the correction for different sample sizes given in Berry, Ajioka, and Kreitman (1991) .
Results
Viral Restrictivity Phenotype
Of the 10 melanogaster lines, 8 were permissive, 1 (FZZS) was restrictive, and 1 (FZ2S) was heterozygous. Sequencing with multiple individuals confirmed the heterozygosity of FZ2S with respect to length variants at the locus; the sequence presented here is from a single homozygous individual. This sequence lacks the typical amino acid substitutions and deletions present in restrictive lines and is therefore likely to be permissive.
Sequence Variation
The sequences include small stretches of the 5' and 3' untranslated regions (146 and 76 bp, respectively), the complete coding region (1,800 bp), and two introns (684 and 55 bp). The lengths correspond to the regions contained by all 11 lines and exclude regions polymorphic for insertions and deletions. The 10 melanogaster alleles differ from the simulans allele by 82 fixed silent substitutions (27 synonymous, 55 noncoding), 34 replacement changes, and 8 insertion/deletion events (all in noncoding regions) (tables 1 and 2). The 10 melanogaster lines are segregating for 4 synonymous substitutions in the coding region and 19 in the noncoding regions (tables 1 and 2) as well as for 13 amino acid replacement changes. The locus also contains 6 intraspecific length polymorphisms in the first intron and 3 in the coding sequence. The latter, 3, 21, and 24 bases in length, do not disrupt the reading frame. FrS is distinct among the D. melanogaster lines, differing by one replacement, two synonymous, eight noncoding, and four insertion/deletion changes.
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The intraspecific sequence change at bases 453-458 (67-72 of the coding sequence) from CAG-AAT to GGA is a complex event. This change could involve one deletion and three replacement changes, or two deletions and one or two replacement changes, depending on the location of the deletions. As no intermediates are present in the sample, we cannot distinguish between these alternatives. To be most conservative, this event is scored as one amino acid substitution and one length change.
Amino acid residue 32, bases 465-467 (bases 94-96 of the coding sequence), has four amino acids segregating in the sample: alanine (A), isoleucine (I), valine (V), and methionine (M). ATA (1) is the amino acid present in D. simulans and D. erecta, so it will be assumed to be the ancestral state. ATA(1) + ATG(M) is a replacement change. One may consider two one-step pathways given the codons present in the population: ATA(1) -+ GTA(V) 3 GCA(A), or ATA(1) + ACA(T) + GCA(A) -+ GTA(V); either way there are two replacement changes. Therefore we score this site as three replacement changes in our analyses.
Molecular Basis for Restrictivity
The genealogy of the restrictive and permissive alleles was investigated to determine which, if any, site changes distinguish the two classes of alleles. The coding sequences of 11 permissive and 3 restrictive alleles (table 1) as well as those of D. simulans and D. erecta were subjected to parsimony analysis using PAUP (Version 3.1.1). The shortest tree had 211 steps; the next shortest, 254. The restrictive alleles form a monophyletic branch, with a single complex deletion and amino acid substitution event separating them from the permissive alleles. This event extends from bases 453458, changing CAG-AAT to GGA. Bootstrap analysis using the heuristic TBR branchswapping algorithm was carried out with 1,000 replicates to assess the robustness of monophyly; the restrictive alleles were monophyletic in 99% of the replicates. The bootstrap 50% majority rule consensus tree is shown in figure 1. The dataset was subjected to PTP analysis, testing the null hypothesis that there is no structure to the data (Faith and Cranston 1991) ; this hypothesis was rejected (P = 0.01). T-PTP analysis (Faith 1991) , which constrains the topology of trees considered to include a prescribed monophyletic group, was performed on the data and the monophyly of restrictive alleles was supported by this analysis as well (P = 0.01). This analysis putatively identifies the complex mutational event at bases 453-458, a change from CAG-AAT to GGA, as the cause of the viral restrictivity phenotype.
Statistical Tests of Neutrality within ref(2)P
All subsequent analyses include the 10 D. melanogaster sequences presented here and the 4 previously sequenced alleles (Contamine, Petitjean, and Ashburner 1989) . Analyses of synonymous and replacement changes in the coding region were carried out both on the whole protein and on codons 1-91 and on codons 92-599. The rationale for this subdivision of the protein is that a P-element transformed fly line containing a construct PA" created by an internal deletion of the restrictive k allkle, has been shown to be sufficient to confer the restrictive phenotype (Wyers et al. 1995) . This construct expresses the first 91 amino acids of the protein and includes the complex mutational event that our phylogenetic analysis suggests is the site of restrictivity. This analysis showed that there is a significant probability that the three alleles are monophyletic (P 5 O.Ol), denoted by asterisks. For clarity, branch lengths are not shown.
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We evaluated whether natural selection is required to explain the large number of segregating amino acid polymorphisms in the data set using the McDonaldKreitman test (table 2) . The null hypothesis is the neutral theory prediction that ratios of replacement to synonymous substitutions will be the same within and between species (McDonald and Kreitman 1991) . There are relatively more amino acid replacements compared to synonymous changes within species than between species (13 repl. : 4 syn. within; 34 repl. : 28 syn. between); the excess is confined to the amino terminal region of the protein. The McDonald-Kreitman test rejects the null hypothesis of equality for codons 1-91 (P = 0.033) but not for codons 92-599 (P = 0.750), or for the whole protein (P = 0.163).
If selection for viral resistance is confined to the amino terminal region of the protein, amino acid polymorphism would be expected to be clustered in this region. However, only one of the six replacement polymorphisms in the PAn region differ between restrictive and permissive alleles, indicating that if selection is acting to promote protein polymorphism, it is not acting solely on the differences between these two classes of alleles.
Length changes in the coding region of a gene are relatively rare. In our data set, there are three coding region length polymorphisms within species, but no differences between the two species. One of these changes is the complex mutational event indicated by the phylogenetic analysis to be conferring the restrictive phenotype; the others are located outside of the PAn region. To determine whether this pattern can be a chance occurrence, we compared the numbers of synonymous changes within and between species to the correspond- the common ancestor of simulans, then a McDonaldKreitman test of melanogaster polymorphism : melunogaster lineage fixed differences should conform to the neutral hypothesis. There is only a single replacement change between species in codons 1-91, and it occurs on the melunogaster lineage (table 3) . Comparing replacement and synonymous polymorphism to fixed differences on the melanogaster lineage yields a probability under the null hypothesis of P = 0.083, a slight increase from P = 0.033 for the test combining both lineages. In contrast, there is no indication of a departure from neutrality for the same test for codons 92-599 (P > 0.999). Considering the dramatic difference in the distributions of variation in the two regions, the data provide little support for prolonged relaxed constraint in the melanogaster lineage. This does not allow us to reject, however, the possibility of a recent relaxation of constraints in melanogaster codons l-9 1.
The selective neutrality of codons 1-91 and 92-599 can also be evaluated using the HKA test (Hudson, Kreitman, and Aguade 1987) . The null hypothesis, based on an infinite sites equilibrium neutral model, predicts that patterns of polymorphism and divergence will be positively correlated. Selection acting to increase polymorphism in one region but not the other might be expected to result in a non-neutral pattern of variation. As shown in table 4, there is a significant departure from neutrality when considering replacement changes only (x2 = 8.169, P = 0.004) and for replacement and synonymous changes considered together (x2 = 4.492, P = 0.03). There is no evidence for a departure from neutrality for synonymous changes (x2 = 0.437, P = 0.51). The results are consistent with the accumulation of protein polymorphisms in codons 1-91 by positive selection or by a recent relaxation of selective constraint in this region.
Discussion
Molecular Population Genetics
Balancing selection between the permissive and restrictive alleles of the ref (2)P is, a priori, an attractive hypothesis. The P0 and Pp alleles are ubiquitous in wild populations (Fleuriet 1976) . The genetics of the locus (Nakamura 1978) suggest the possibility of heterosis, for instance by formation of heterodimers (see Introduction). Certain cage experiments also demonstrate weak heterosis between these two classes of alleles (Fleuriet 198 lc) . If the resistant and susceptible alleles have been maintained as a balanced polymorphism for a sufficiently long time in D. melanogaster, two predictions can be made: (1) a significant excess of linked silent variation will accumulate around the site under selection, and (2) there should be greater divergence between restrictive and permissive alleles than within each allele class (Kreitman and Hudson 1991) . One way to test the first prediction is to ask whether the patterning of withinand between-species variation in different regions of the gene departs from neutral expectations. Comparing synonymous changes in the first 91 amino terminal codons of the gene-the hypothesized target of selection-and the remaining 508 carboxyl terminal codons (table 4) does not indicate any departure from neutrality. There is no obvious clustering of silent polymorphism anywhere within the translated region, including around the putative site of selection, the complex mutational event involving sites 453-458. A balanced polymorphism of sufficient age will also lead to a greater divergence between allele classes than within allele classes. We find no evidence based on silent changes to support this prediction either.
On the other hand, several lines of evidence indicate the presence of selection acting in the 5' region of the gene. The patterning of replacement polymorphism and divergence in the two regions of the gene shows a sharp departure from neutral expectations based on both the HKA test (table 4) and the McDonald-Kreitman  test  (table 2) . The data can be interpreted as indicating an "excess" of replacement polymorphisms in the aminoterminal portion of the gene. Dru et al. (1993) out the protein, while we did not? The most likely answer is that the biased sample of the melanogaster alleles, as discussed in the Introduction, inflated the amount of protein polymorphism.
Considering the lack of any strong indication of a long-lived balanced polymorphism, we are forced to conclude that if selection is promoting amino acid replacement polymorphism at ref (2)P, the recruitment of selected alleles has been recent. It is possible, for example, that the virus has only recently infected the melanogaster species. Restrictive alleles at the locus would then also be young and will lack intra-allelic polymorphism. In fact, there is only one polymorphic site segregating in the three restrictive alleles, suggesting that they arose recently from a common ancestor. Hudson et al. (1994) proposed a coalescent approach to determining whether or not selection is increasing the frequency of certain haplotypes. This is done by determining for a sample of n sequences with m polymorphic sites the probability that a subset i of those sequences will have j or fewer polymorphic sites under an assumption of neutrality. Essentially the test is looking to catch selection in the act, or find a group of alleles in which variation is reduced relative to the whole sample due to contemporary hitchhiking. For our data set, consisting of only three restrictive alleles, the test is not powerful enough to detect a significant departure from neutrality, even had there been zero segregating sites in the subset of the three alleles (P = 0.953, no recombination).
Another explanation for the presence of a relatively large number of young alleles is transient selection for new restrictive alleles. The virus appears to evolve rapidly in response to the restrictive alleles at ref(2)P (Fleuriet 1990; Fleuriet, Periquet, and Anxolabehere 1990) . When a new restrictive mutant arises in the population, there will be little pressure for the virus to evolve in response to it until the allele reaches sufficient frequency. The amino acid and length polymorphisms may represent previously restrictive alleles, initially brought to intermediate frequency by selection but then abandoned to the forces of drift or deleterious selection as the virus evolved in response to them. A similar pattern of elevated protein variation in D. simulans, which lacks the virus, would definitely rule out selection for viral restrictivity.
Transient selection can also account for the higher rate of replacement substitution on the melanogaster lineage compared to the simulans lineage. Favored alleles may reach fixation by selection, either directly or by genetic drift after having hitchhiked to intermediate frequencies. However, in contrast to the clustering of replacement polymorphisms in the amino terminal region of the protein, the fixed differences on the melanogaster lineage are spread across the protein. This would argue against the selection-driven hypothesis if, as indicated by the present distribution of polymorphism, viral resistance could only be achieved by mutations in amino terminal positions of the protein.
As an alternative to transient selection, a relaxation of selection against slightly deleterious mutations can also lead to an increase in the rate of fixation of nearly neutral alleles (Kimura 1983) . For example, Akashi (1995) found a significantly higher synonymous substitution rate on the melanogaster lineage than on the simulans lineage, which he suggested is evidence for a relaxation of selection in the melanogaster lineage. However, lineage-wide relaxed selection cannot account for the difference in the patterning of replacement polymorphism and divergence between the two regions of the gene (table 4) . Nor can it account for a departure from neutrality in the region containing codons 1-91 but not 92-599 (table 2) . Therefore, it is unlikely that relaxed selection can account for all of the non-neutral patterns of variation at this locus.
ref (2)P is located near the centromere on the left arm of chromosome 2 and is in a region of intermediate recombination.
A genome-wide positive relationship between variation and recombination has been demonstrated by Begun and Aquadro (1992) and by Aquadro, Begun, and Kindahl (1994) . Two models of linkage and selection have been suggested to explain the correlation between recombination and variation: genetic hitchhiking (Maynard Smith and Haigh 1974; Kaplan, Hudson, and Langley 1989) and background selection (Charlesworth, Morgan, and Charlesworth 1993) . ref(2)P is cytologically located at 37E2-F4, about halfway between the Adh complex (35B3) and eta (40f(h30)) (Lindsley and Zimm 1992) . Genetically, however, rej'2)P (54.1) is closer to eta (54.8) than to Adh (50.1). Adh shows locally elevated silent polymorphism in exon 3, indicative of balancing selection (Kreitman and Hudson 1991) ; eta is invariant in D. melanogaster and nearly so in D. simulans (Wayne 1994) . The level of silent polymorphism at ref (2) eta (6 = 0.0057, b,, = 0) is only marginally significantly different (x * = 2.88, P = 0.1). The expected loss of variation by background selection for rej'2)P exceeds that for Adh, but the actual relative reduction will depend on the strength of the background selection. That there appears to be no difference in polymorphism levels at Adh and ref(2)P may be taken as evidence that background selection is not sufficient to explain the patterning of variation at individual gene loci, although it may explain general trends across chromosomes.
Sequence Availability
The new sequences for ref (2) 
